Motivation: Evolutionary and structural conservation patterns shared by more than 500 of identified protein kinases have led to complex sequence-structure relationships of cross-reactivity for kinase inhibitors. Understanding the molecular basis of binding specificity for protein kinases family, which is the central problem in discovery of cancer therapeutics, remains challenging as the inhibitor selectivity is not readily interpreted from chemical proteomics studies, neither it is easily discernable directly from sequence or structure information. We present an integrated view of sequencestructure-binding relationships in the tyrosine kinome space in which evolutionary analysis of the kinases binding sites is combined with computational proteomics profiling of the inhibitor-protein interactions. This approach provides a functional classification of the binding specificity mechanisms for cancer agents targeting protein tyrosine kinases. Results: The proposed functional classification of the kinase binding specificities explores mechanisms in which structural plasticity of the tyrosine kinases and sequence variation of the binding-site residues are linked with conformational preferences of the inhibitors in achieving effective drug binding. The molecular basis of binding specificity for tyrosine kinases may be largely driven by conformational adaptability of the inhibitors to an ensemble of structurally different conformational states of the enzyme, rather than being determined by their phylogenetic proximity in the kinome space or differences in the interactions with the variable binding-site residues. This approach provides a fruitful functional linkage between structural bioinformatics analysis and disease by unraveling the molecular basis of kinase selectivity for the prominent kinase drugs (Imatinib, Dasatinib and Erlotinib) which is consistent with structural and proteomics experiments.
INTRODUCTION
The human genome advances have accelerated a comprehensive analysis of protein kinases in human and model organisms and a detailed comparison of protein phosphorylation in normal and disease states (Hubbard, 2002; Hubbard and Till, 2000; Madhusudan and Ganesan, 2004; Sridhar et al., 2000) . Protein tyrosine kinases, which are responsible for development of many cancers (Hubbard, 2002; Hubbard and Till, 2000) , have emerged as a major class of drug targets in recent years (Madhusudhan and Ganesan, 2004; Sridhar, et al., 2000) . Evolutionary and structural conservation patterns shared by more than 500 of identified protein kinases (Kostich et al., 2002; Krupa and Srinivasan, 2002; Manning et al., 2002) have led to complex sequence-structure relationships of crossreactivity for kinase inhibitors. While alternative cellular targets have begun to be unraveled using proteomics technologies, these discoveries are still constrained by the difficulty of building and running large numbers of consistent activity assays. Understanding the molecular basis of protein kinases binding specificity presents a fundamental and highly challenging biological problem as the binding specificity is not readily interpreted from chemical proteomics studies, neither it is easily discernable directly from sequence and structural information (Bain et al., 2003; Sawyer et al., 2004; Sawyer et al., 2003) .
The biological activities of the kinase inhibitors and their selectivity profiles with protein kinases are only weakly related with the phylogenetic classification of protein kinases inferred from sequence alignments of the kinase domain (Vieth et al., 2005; Vulpetti and Bosotti, 2004) . Imatinib mesylate (Gleevec), which is an effective direct inhibitor of ABL, KIT and PDGFR tyrosine kinases (Deininger et al., 2005; Druker, 2004; Lydon and Duker, 2004) exemplifies inherent complexity in inferring binding specificity from sequence homology of kinase domains. According to the phylogenetic annotation of the protein kinase catalytic domain, PDGFR and KIT kinases, specifically targeted by Imatinib with high affinity, are more divergent from the ABL tyrosine kinase than SRC kinases, which are not inhibited by Imatinib (Deininger et al., 2005; Wong and Witte, 2004) . Evolutionary conservation of the kinase domain co-exists with a considerable conformational plasticity of protein kinases involved in regulating catalytic activity of this protein superfamily (Huse and Kuriyan, 2002; Levinson et al., 2006; Nager et al., 2002; Schindler et al., 2000; Wisniewski et al., 2002) . The remarkable variability of the ABL kinase conformational states, which include active, inactive, intermediate conformations and inactive-like conformations, has confirmed that diverse structures of the ABL activation loop are natural protein conformations and dynamic equilibrium between multiple conformational states plays an important critical role in molecular recognition of ABL (Levinson et al., 2006; Tokarski et al., 2006; Young et al., 2006) . Indeed, the molecular basis for a high selectivity of Imatinib at inhibiting ABL, KIT and PDGFR tyrosine kinases is primarily determined by specific recognition of the unique inactive conformation shared by all these kinases. Furthermore, the crystal structure of the ABL kinase with Dasatinib, an alternative BCR-ABL cancer therapeutic agent which has demonstrated a broad range of tyrosine kinases activities, has provided further evidence that the inhibitor activity against various tyrosine kinases is largely driven by the recognition requirements to recognize multiple conformational states of the enzyme (Levinson et al., 2006; Tokarski et al., 2006) .
Another example of complexities associated with deriving functional profiles from sequence conservation of kinases domains is Erlotinib (OSI-774, Tarceva), an approved drug for treatment of non-small cell lung cancer (NSCLC) and a high affinity, selective kinase inhibitor against EGFR receptor with only weak affinity against ABL, SRC and LCK kinases (Brown and Shephard et al., 2005; Kwak et al., 2005; Stamos et al., 2002; Wood et al., 2004) . Crystal structures of the EGFR kinase domain which have been determined previously in a free form and in the complex with Erlotinib (Stamos et al., 2002) have revealed an active conformation of the enzyme. However, a structurally different inactive conformational state of EGFR kinase domain has been found in the complex with the drug Lapatinib (Wood et al., 2004) , which resembles closely that of inactive Src family kinases. Strikingly, the wild-type EGFR kinase domain assumes an autoinhibited, Src-like inactive state and the original crystal structure of the EGFR kinase domain (Stamos et al., 2002) may have been observed in the active conformation largely due to specific crystallization conditions. The recently solved crystal structure of the EGFR kinase domain in complex with AMP-PNP have also produced inactive SRC-like conformation, suggesting that active conformation of the EGFR kinase domain may be a consequence of mimicry by the crystal of an intrinsic activation mechanism that destabilize the otherwise thermodynamically favorable inactive conformation of the EGFR receptor (Zhang et al., 2006) . These experiments have suggested that Erlotinib-binding affinity and selectivity with the EGFR receptor is achieved by a complex mechanism which may involve recognition of multiple conformational states of EGFR, rather than binding with the single active state of EGFR. The growing body of structural and biochemical information about protein kinases recognition points to a diversity and complexity of the binding mechanisms. These mechanisms appear to be far more complex than simple functional annotations of the kinases binding specificities with known cancer drugs which can be typically derived from sequence conservation profiles of the catalytic domain and the binding sites.
The emerging diversity of the tyrosine kinase crystal structures have broadened the realm of computational models, which may be employed for functional classification of the binding specificities and explaining the activity profiles of kinase inhibitors. A considerable structural repertoire of the protein kinase conformational states involved in regulating molecular recognition of the enzyme with the inhibitors and interacting proteins has provided support to a modern 'conformational selection' paradigm of biomolecular binding based on the energy landscape theory (Kumar et al., 2000; Levy et al., 2004; Verkhivker et al., 2003; Shoemaker et al., 2000) , which implies the presence of an ensemble of the multiple conformational states for both interacting molecules. We have recently introduced a computational approach for in silico profiling of the kinase inhibitors, which is based on the 'conformational selection' binding model and combines evolutionary analysis with computational proteomics profiling of biomolecular interactions Verkhivker, 2007; . In this work, we present an integrated view of sequence-structure-binding relationships in the tyrosine kinome space which allows a functional classification of the binding specificity mechanisms for cancer agents targeting protein tyrosine kinases.
SYSTEMS AND METHODS

Phylogenetic analysis of kinases
Phylogenetic dendrogram of the human protein tyrosine kinase family is inferred from the sequence conservation profile of the kinase catalytic domains, which were aligned using CLUSTAL W (Thompson et al., 1994) . Phylogenetic trees for whole-domain alignments and binding site subalignments were created with PHYLIP package of programs (version 3.6) (Felsenstein, 2002) . The robustness of the nodes in the trees generated by Neighbor-Joining method (Saitou and Nei, 1987) and the PamDayhoff distance matrix has been tested with 300 500 bootstrap replicates using the bootstrap algorithm available in CLUSTAL W (Saitou and Nei, 1987) . Confidence limits have been tested by bootstrapping the trees 1000 times.
Phylogenetic trees based on evolutionary conservation profiles of the binding site residues have also been constructed using NeighborJoining method (Saitou and Nei, 1987) within the Pfaat protein family alignment annotation tool (Johnson et al., 2003) . Binding-site residues were defined as those with a side-chain heavy atom 5Å from the ligand. We included C atoms in the side-chain definition so that glycine residues that forms a part of the binding pocket were not excluded. Residues with side chains making a crystallographically defined watermediated hydrogen bond were also considered part of the binding pocket.
The residues lining the binding cleft of protein kinases are assumed to serve as better evolutionary indicators of ligand-binding function and specificity than whole-domain sequences. For each solved structure in the alignment, residues with side chains within 4.5Å of their respective ligands were identified, and the columns of the multiple alignment that contained these binding-site residues were extracted. This composite set of 26 critically important contact alignment positions were compiled from all presently available tyrosine crystal structures (referred to as the binding site subalignment) and was then used for phylogenetic clustering. We have constructed the phylogenetic dendrogram based on the evolutionary conservation profile of the binding-site residues, defined from the crystal structures of Imatinib mesylate complex with the ABL kinase and complex of Erlotinib with the EGFR receptor.
Structural classification of protein tyrosine kinases
All currently available crystal structures of protein tyrosine kinases in the Protein Data Bank (PDB) (Berman et al., 2000) are used to categorize the structural space into panels of active and inactive kinase conformations. The following protein structures, employed in this study, provide the extensive coverage of tyrosine kinase family and include : 6 ABL (1fpu, 1iep, 1m52, 1opj, 1opk, 1opl); 1 ACK1 (1u4d); 3 KIT (1pkg, 1t45, 1t46); 1 ZAP70 (1u59); 1 BTIK (1k2p); 1 ITK (1sm2); 1CSK (1byg); 2 SYK (1xbb, 1xbc); 6 EGFR (1m14, 1m17, 1xkk, 2gs2, 2gs6, 2gs7); 4 IGF1R (1m7n, 1k3a, 1jqh, 1p4o); 2 EphA2 (1mqb, 1jpa); 1 FAK (1mp8); 4 FGFR1 (2fgi, 1fgk, 1fgi, 1agw); 2 HGFR (1r0p, 1r1w); 1 FLT3 ( 1rjb); 3 HCK (1ad5, 1qcf; 2hck); 4 INSR (1irk, 1ir3, 1i44, 1p14); 5 LCK (1qpc, 1qpd, 1qpe, 1qpj, 3lck); 1 MUSK (1luf); 4 SRC (1fmk, 1ksw, 2ptk, 2src); 1 TIE2 (1fvr); 1 KDR/ VEGFR (1vr2).
The following 20 structures belong to the category of inactive kinase conformations : 3 ABL (1fpu, 1iep, 1opj); 2 KIT (1t45, 1t46); 1 BTIK (1k2p); 1CSK (1byg); 2 IGF1R (1m7n, 1k3a); 2 EphA2 (1mqb, 1jpa); 1 FAK (1mp8); 1 FGFR1 (1fgk); 2 EGFR ( 1xkk, 2gs7); 1 HGFR (1r1w); 1FLT3 ( 1rjb); 1 HCK (1ad5); 1 INSR (1irk); 1 MUSK (1luf) ; 1 SRC (1fmk); 1 TIE2 (1fvr).
The superposition of crystal structures from the protein tyrosine kinase family into a common reference frame is based on similarity of C atoms for a common set of residues defining the ATP binding site.
Monte Carlo binding simulations: energy model
The molecular recognition energetic model used in this study includes intramolecular energy terms, given by torsional and non-bonded contributions of the DREIDING force field (Mayo et al., 1990) , and the intermolecular energy contributions calculated using the AMBER force field (Cornell et al., 1995) to describe protein-protein interactions combined with an implicit solvation model (Stouten et al., 1993) . The dispersion-repulsion and electrostatic terms have been modified and include a soft core component that was originally developed in free energy simulations to remove the singularity in the potentials and improve numerical stability of the simulations (Beutler et al., 1994) . Softening the AMBER force field can enhance sampling of the conformational space while retaining adequate description of the binding energy landscape.
A solvation term was added to the interaction potential to account for the free energy of interactions between the explicitly modeled atoms of the protein-protein system and the implicitly modeled solvent. The term was derived by considering the transfer of atom, from an environment where it is completely surrounded by solvent, to an environment in which it has explicit atomic neighbors. The solventaccessible surface is created by rolling a spherical water probe with a radius of 1.4Å over the Van der Waals surface of the molecule. The center of the probe traces the solvent-accessible surface.
Monte Carlo binding simulations: simulated tempering dynamics
We have carried out equilibrium simulations with the ensembles of protein kinase conformations using parallel simulated tempering dynamics (Hansmann, 1997; Sugita and Okamoto, 1999; Verkhivker et al., 2003) with 50 replicas of the ligand-protein system attributed, respectively to 50 different temperature levels that are uniformly distributed in the range between 5300 and 300 K. In simulations with ensembles of multiple protein conformations, protein conformations are linearly assigned to each temperature level, that implies a consecutive assignment of protein conformations starting from the highest temperature level and allows each protein conformation from the ensemble to be assigned to a certain temperature level at least once. Starting with the highest temperature, every pair of adjacent temperature configurations is tested for swapping until the final lowest value of temperature is reached. This process of swapping configurations is repeated 50 times after each simulation cycle for all replicas where the exchange of conformations presents an improved global update which increases thermalization of the system and allows regions with a small density of states to be sampled accurately. Monte Carlo moves are performed simultaneously and independently for each replica at the corresponding temperature level. After each simulation cycle, that is completed for all replicas, exchange of configurations for every pair of adjacent replicas at neighboring temperatures is introduced. The mth and nth replicas, described by a common Hamiltonian H(X 1 , . . . ,X m , . . . ,X n , . . . ,X N ), are associated with the inverse temperatures m and n , and the corresponding conformations X m and X n . The exchange of conformations between adjacent replicas m and n is accepted or rejected according to Metropolis criterion with the probability p ¼ minð1; exp½ÀÞ ð1Þ
At equilibrium, the fraction of time that the ligand-protein system spends at a protein conformation ¼ i to time spent at a protein conformation ¼ j is determined by the Boltzmann distribution
and provides a measure for ordering protein conformations according to their interaction free energies with the inhibitor. The protein conformations that deliver the lowest interaction energy for the inhibitor during equilibrium simulation would dominate the distribution with the highest probability.
Binding free energy calculations
Binding free energies are computed using the molecular mechanics AMBER force field (Cornell et al., 1995) and the solvation energy term based on continuum generalized Born and solvent accessible surface area (GB/SA) solvation model (Mohamadi et al., 1990; Still et al., 1990) . The binding free energy of the ligand-protein complex can be written as follows:
where the average total free energy of the molecule G is evaluated as follows :
In the GB/SA model, the G cavity and G vdw contributions are combined together via evaluating solvent-accessible surface areas:
G SA is the non-polar solvation term derived from the solvent-accessible surface area (SA).
G pol is the polar solvation energy which is computed using the GB/SA solvation model. S solute is the vibrational entropy of the molecule. E MM is the molecular mechanical energy of the molecule summing up the Exploring sequence-structure relationships electrostatic E es interactions, van der Waals contributions E vdw and the internal strain energy E int .
RESULTS AND DISCUSSION
We have previously found that evolutionary classification of binding specificity based on the binding-site residues is rather sensitive to the binding-site definition and may not have a significant relationship with the respective function of these kinases to bind a particular inhibitor, unless binding-site residues are defined from the crystal structure with the respective ligand (Fig. 1) . Indeed, when the binding-site residues are determined from the crystal structure of Imatinib mesylate with the ABL kinase, the phylogenetic dendrogram and the evolutionary conservation profile of the ABL kinase binding-site residues result in a closer proximity of ABL, CKIT and PDGFR kinases, whereas ABL and SRC kinases emerged as less similar (Fig. 1) . Phylogenetic classification of the protein tyrosine kinase family and subalignments of the binding site identify both conserved and variable residue positions (Figs 1 and 2 ). This analysis points to a subset of variable residues (Q767, L768, M768, P770, F771, G772, L820 and T830) among ABL, SRC and EGFR kinases, suggesting their potential functional role in governing selective EGFR inhibition of Erlotinib. Interestingly, the active site conservation patterns suggest that binding specificity to a particular inhibitor may be provided by a somewhat different constellation of variable amino acids recruited to accomplish specific binding interactions (Figs 1 and 2) . The phylogenetic analysis based on the binding-site residues obtained from the crystal structure of EGFR with Erlotinib reproduces a spectrum of Erlotinib activities and identifies EGFR along with the ABL and SRC kinases as functionally relevant for binding kinase targets (Figs 1 and 2) . However, evolutionary analysis of the kinase binding-site residues cannot be readily translated into the distinct specificity phenotype observed for these kinase inhibitors. Although the evolutionary and structural role of the conserved Thr gate-keeper residue Fig. 1. (A) The phylogenetic dendrogram is derived from the evolutionary conservation profile of the tyrosine kinase binding-site residues determined from the crystal structure of Imatinib mesylate with the ABL kinase. The binding site is defined by residues residing within root mean square (RMSD) of 4.5 Å from Imatinib mesylate, which include L248, Y256, A269, Y270, K271, E286, M290, V299, I313, T315, E316, F317, M318,Y320, G321, N322, L323, L324, D325, R367, D368, L370, A380, D381, F382 and G383. (B) The phylogenetic dendrogram is derived from the evolutionary conservation profile of the tyrosine kinase binding-site residues determined from the crystal structure of OSI-774 (Erlotinib) with the EGFR receptor. The binding site is defined by residues residing within RMSD of 4.5 Å from Imatinib mesylate, which include L694, G695, V702, A719, K721, E738, L764, I765, T766, Q767, L768, M769, P770, F771, G772, L820, T830, D831. Colour version of this figure is available as Supplementary material online.
(Thr-315 in the ABL-Imatinib complex and Thr-766 in the EGFR-Erlotinib complex) shared between EGFR and ABL and SRC kinase families is well recognized; the binding specificities of Imatinib, Dasatinib and Erlotinib against ABL, SRC, LCK and EGFR kinases can vary dramatically.
We suggest that a functional linkage between protein conformational diversity and sequence plasticity of the kinase binding site may be important to understand and rationalize binding specificity profiles of these cancer agents. Structural and energetic aspects of Dasatinib and Erlotinib binding with the conformational states of the tyrosine kinases are studied using computational profiling of the inhibitor-protein interactions with an ensemble of inactive and active kinase crystal structures. The working hypothesis is that binding specificity mechanisms may be driven by conformational adaptability of the inhibitor to structurally different conformational states of the enzyme. The crystal structure of Imatinib from the complex with the specific inactive form of ABL is incompatible with any of the alternative conformational states of the enzyme. Consequently, the high affinity binding of Imatinib with the ABL kinase is assured by the conformationally specific inhibitor recognition of the ABL inactive form Exploring sequence-structure relationships . While Imatinib binding is highly sensitive to the activation state of the enzyme, binding promiscuity of Dasatinib in inhibiting a spectrum of tyrosine kinases may be largely determined by a considerable adaptability of the inhibitor binding mode to structurally diverse conformational states of ABL, CKIT, SRC and EGFR kinases with high binding affinity (Fig. 3) . Interestingly, the conformationally permissive binding of Dasatinib with the multiple conformational states of various tyrosine kinases can be ensured by using only small thermal variations of the dominant binding mode. This is reflected in a high degree of structural similarity between the crystal structure and the predicted inhibitor conformations, whereby Dasatinib fluctuates only within 1.5 Å from the crystallographic conformation in order to favorably accommodate the multitude of kinase conformational states (Fig. 3) . Simulations of Erlotinib binding reveal considerably larger thermal fluctuations of the inhibitor and more stringent requirements to specific binding (panels C,D in Fig. 2) . Nevertheless, the predicted bound conformations of Dasatinib and Erlotinib (panels C,D in Fig. 2 ) in complexes with both active and inactive conformational states of ABL, SRC, LCK and EGFR tyrosine kinases conform to the crystallographic binding mode of the inhibitors and accurately reproduce the key interactions formed in the active site.
Importantly, we have discovered that both active and inactive forms of EGFR can favorably interact with Erlotinib, and functionally relevant fluctuations of the inhibitor around the crystallographic conformation may accommodate to structurally different conformational states of the EGFR receptor (Fig. 4) . These results reconcile the available experimental data, strongly indicating that binding specificity of Erlotinib with EGFR may be achieved by recognizing multiple conformational states of EGFR with high affinity, which is different from Imatinib, where specific binding to ABL is determined by recognizing a unique inactive conformational state of the enzyme. The results also suggest that Erlotinib specificity w. r. t. ABL and SRC kinases may be determined by the binding mechanism in which conformational adaptability of the inhibitor is not sufficient to adjust to the conformational variations seen in the inactive forms of ABL, CKIT and SRC kinases (Figs 2 and 4) . The discovered structural and energetic differences in binding of Imatinib, Dasatinib, Erlotinib with an array of conformational states of protein kinases are consistent with the proteomics data and thereby may have pharmacological relevance in acquiring a specific signature of potent activities. A comparative sequence-structure analysis of the tyrosine kinase binding specificities with Dasatinib and Erlotinib reveals an excellent agreement between computational and experimental data (Figs 2, 3 and 4), thereby providing a useful insight into evolutionary and structural determinants of the binding specificity scenarios.
Accordingly, a functional classification of the binding specificity mechanisms observed for the tyrosine kinases may include specific recognition only with the unique inactive form of the target (highly selective Imatinib binding with ABL); specific recognition with the multiple conformational states of the target (selective Erlotinib inhibition of EGFR) and specific recognition of multiple conformational states of multiple targets from a kinase family (promiscuous Dasatinib binding with ABL, CKIT, SRC, LCK). The proposed functional annotation of the kinase binding mechanisms with the prominent cancer drugs points to a remarkable sequencestructure versatility of tyrosine kinases in achieving binding function, which extends beyond simple phylogenetic relationships of the binding-site residues.
CONCLUSIONS
The proposed functional classification of the kinase binding specificities explores mechanisms in which structural plasticity of the tyrosine kinases and sequence variation of the bindingsite residues are linked with conformational preferences of the inhibitors in achieving effective drug binding. The molecular basis of binding specificity for tyrosine kinases may be largely driven by conformational adaptability of the inhibitors to an ensemble of structurally different conformational states of the enzyme, rather than being determined by their phylogenetic proximity in the kinome space or differences in the interactions with the variable binding-site residues. The insights into mechanisms of sequence-structure relationships in the kinome space and molecular basis of conformationally tolerant binding with the tyrosine kinases may have implications for understanding drug sensitivity. The presented computational approach may be employed to characterize activity signatures of small molecules against potential kinase targets and can also assist in rational redesign of the existing inhibitors to engineer novel activities and specificities.
